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a b s t r a c t 
In this study, morphological, microstructural and phase changes of four types of tungsten materials after 
exposure to dense deuterium plasma were examined. The microstructures of the prepared materials mu- 
tually differ by the porosity, grain size and phase content. It was found that inherent porosity of sintered 
materials leads to a speciﬁc mechanism of erosion and might be a signiﬁcant source of dust in the case 
of materials with higher porosity. Further, a preferential erosion of the dispersed particles by melting and 
evaporation and subsequent formation of thin ﬁlm on the surface of W-Y 2 O 3 was described as well. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Majority of the unresolved issues concerning the design of fu-
ure nuclear fusion reactor is related to materials. The reactor part
eferred to as ﬁrst wall will be subjected to harsh conditions that
ill gradually deteriorate properties of the wall material. For ex-
mple, the wall has to resist high thermal ﬂuxes from the fusion
lasma (in form of thermal shocks and steady-state heat loads),
urface erosion and particle irradiation [1,2] . 
Tungsten is currently considered as the most suitable plasma
acing material for nuclear fusion reactor, thanks to its high re-
istance to sputtering, high melting point, good thermal conduc-
ivity, low thermal expansion and relatively low tritium retention.
owever, tungsten also has its disadvantages. Some of them are
f practical aspect, i.e. tungsten is hard to machine. Others have
n impact on the tungsten performance in the ﬁrst wall, e.g. high
uctile to brittle transition temperature (DBTT), high atomic num-
er (high radiation loss from fusion plasma via impurities) and sig-
iﬁcant degradation of properties with grain growth [1,3] . Some
tudies point out that ﬁne-grained tungsten has not only better
echanical properties but is also signiﬁcantly more resistant to
rradiation by ions [4] . However, the structure of the ﬁne grains∗ Corresponding author. 
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plasma loading, Nuclear Materials and Energy (2016), http://dx.doi.org/ight be degraded by thermally induced grain growth (depending
n thermomechanical history starting at temperatures as low as
0 0 0 °C). The grain size can be stabilized to higher temperatures by
article dispersion. In the case of tungsten, usually small amounts
f oxides, e.g. Y 2 O 3 , La 2 O 3 (ODS - oxide dispersion strengthening)
r carbide of transition metal, e.g. TiC (CDS, carbide dispersion
trengthening) are added [5] . Besides grain stabilization, the dis-
ersed particles improve mechanical properties such as high tem-
erature strength. 
In laboratory conditions, behavior of plasma facing materials
nder pulsed heat ﬂuxes is simulated by various devices [1,6,7] .
n pulsed plasma devices such as PF6 (Institute of Plasma Physics
nd Laser Microfusion, PL), surfaces of the tested samples are sub-
ected to deuterium plasma, plasma related shock wave, the action
f deuteron, electron, neutron and X-ray irradiation. The operation
f PF6 is based on the pulsed electrical discharge through gases
deuterium in our case) contained between two coaxial electrodes
copper with rhenium central insert in the anode) separated with
n insulator. The portion of plasma and particle stream action can
e modiﬁed with the distance from anode [7] . 
In this study, morphological, microstructural and phase changes
f four types of tungsten materials after exposure to dense deu-
erium plasma were examined. The microstructures of the pre-
ared materials mutually differ by the porosity, grain size andnder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Microstructure of W-milled (left, etched in Murakami’s reagent) and W-Y 2 O 3 (right); dark spots in the right micrograph are Y 2 O 3 particles. 
Table 1 
Processing conditions of the prepared materials. 
Sample Ball milling Sintering Porosity ∗
W-2 μm - 1800 °C/5 min/60 MPa 7 .1% 
W-4 μm - 1800 °C/5 min/60 MPa 11 .5% 
W-milled 250 rpm/24 h 1800 °C/2 min/70 MPa 2 .5% 
W-Y 2 O 3 240 rpm/24 h 1800 °C/2 min/70 MPa 1 .5% 
∗
Porosity was determined by Archimedean method. 
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ticles dispersion, i.e. on W-Y 2 O 3 . 
2. Experimental 
Four tungsten grades were prepared for the presented study.
Two were prepared by consolidation of commercially available
powders (Osram, CZ) with average powder size 2 μm and 4 μm.
Other two were prepared by mechanical processing of the 2 μm
starting powder and subsequent powder consolidation; one as a
pure tungsten and one with the addition of 1 wt.% of Y 2 O 3 . Pow-
der processing by planetary ball mill Pulverisette 5 (Fritsch, D) was
performed in tungsten carbide vials with tungsten carbide grind-
ing balls. Argon was used as protective atmosphere preventing ox-
idation during the milling process. Spark plasma sintering machine
SPS 10-4 (Thermal Technology, USA) was used for consolidation of
the powders. The milling and sintering parameters are summarized
in Table 1. 
Representative microstructure of the as prepared pure tungsten
samples is shown in Fig. 1 (left) and represents namely the mi-
crostructure of W-milled sample. Microstructure of the samples
without prior ball milling has a similar character; however the
grain size is slightly larger. Moreover, due to the distinct start-
ing powder size, W-2 μm, W-4 μm and W-milled samples con-
tain different amount of porosity ( Table 1 ). Microstructure of DS
tungsten samples (W-Y 2 O 3 ) contains ﬁne tungsten grains with dis-
persed Y 2 O 3 particles (depicted as dark areas/spots in Fig. 1 (right))
on the grain boundaries and inside the grains. 
The samples (circa 1 ×1 cm in size) were polished and then ir-
radiated in PF6 device at the distance of 8 cm from the anode,
i.e. conditions under which plasma induced surface modiﬁcations
dominate. The chamber was evacuated and then ﬁlled with deu-
terium gas to the pressure of 0.65 kPa. The charging voltage was
10 kV. The samples were subjected to 1 and 2 plasma strikes with
power ﬂux density about 10 7 W/cm 2 and duration 10 ns. Surface
contamination by Cu and Re (electrode materials) is an unavoid-
able artifact of the irradiation method, however the fact has noPlease cite this article as: M. Vilémová et al., Behavior and microstruc
plasma loading, Nuclear Materials and Energy (2016), http://dx.doi.org/nﬂuence on the general changes observed in the material. The
lasma parameters are close rather to the inertial conﬁnement fu-
ion; however analogies might be drawn also for magnetic conﬁne-
ent fusion conditions especially when melting of the material is
eached. Although different levels of damage (low/medium/high)
nduced to the samples will be presented - as the plasma heat
oading over the sample surface is not homogeneous (analogical
o the fusion plasma instabilities) - the case of melting will be the
ost discussed one. 
Surfaces of samples from Table 1 were irradiated by Cu K α radi-
tion during powder X-ray diffraction experiment aimed at phase
ontent analysis. For this purpose, we used D8 Discover diffrac-
ometer (Bruker AXS, GER) with parallel beam geometry and beam
iameter of 1 mm. Rietveld reﬁnement [8] was done in TOPAS V5
oftware in order to reﬁne lattice parameters of the present phases
nd microstructural characteristics of tungsten phase. Values of co-
erently scattering domains’ average sizes and microstrains were
btained following the principles of whole powder pattern model-
ng [9] . 
. Results 
The surfaces of all tested samples developed a number of cracks
nd increased its roughness. The loops of large cracks developed in
-milled sample are shown in Fig. 2 (left) and the detail of ﬁner
racks located within the large loops in Fig. 2 (right). Character of
he surface modiﬁcation was similar for W-2 μm as well as for W-
 μm, however, in the case of W-4 μm the crack paths were of-
en decorated with crater like features ( Fig. 3 left). Detail of such a
eature sparsely found also on W-2 μm and W-milled is shown in
ig. 5 . Typically, the features contain a hole in the bottom of the
rater. Previous detailed studies [10] uncovered a void located un-
er the crater ( Fig. 6 ). 
Surface of W-Y 2 O 3 developed a network of large cracks as well,
evertheless, unlike W-2 μm, W-4 μm and W-milled, only onset of
ne crack formation is observed, i.e. the cracks do not form closed
oops ( Fig. 4 ). Crater-like cavities were observed on the surface of
-Y 2 O 3 as well (dark circular spots in Fig. 4 ). Moreover, using low
oltage imaging, thin ﬁlm of a distinct phase can be observed on
he surface of W-Y 2 O 3 ( Fig. 7 (a) and (b)). The EDS results demon-
trate that the ﬁlm is rich in Y and O ( Fig. 7 (c) and (d)), thus, it is
ikely that it consists of Y 2 O 3 . 
The measured powder XRD patterns are juxtaposed in
ig. 8 where reﬂections are labeled by the corresponding crys-
alline phases. Tungsten lattice parameters together with its mi-
rostructural characteristics such as average sizes of coherently
iffracting domains (CDD) and microstrains are listed in Table 2 .tural changes in different tungsten-based materials under pulsed 
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Fig. 2. W-milled sample after plasma exposure in PF6, loops of large cracks (left) and ﬁne cracks within the loops (right). 
Fig. 3. Cracks and crater-like cavities on the surface of W-4 μm after plasma expo- 
sure in PF6. 
Fig. 4. Cracks and crater-like cavities on the surface of W-Y 2 O 3 after plasma expo- 
sure in PF6. 
Table 2 
Lattice parameter a , CDD values and microstrains 
e of the exposed tungsten materials as reﬁned by 
Rietveld method. 
Sample a, A˚ CDD, nm e, 10 −3 
W-2 μm 3 .1622(8) 189(6) 1 .0 
W-4 μm 3 .1654(1) 228(11) 0 .9 
W-milled 3 .1604(9) 150(4) 1 .0 
W-Y 2 O 3 3 .1648(1) 127(13) 1 .1 
Fig. 5. Detail of crater-like cavity on the surface of W-4 μm after plasma exposure 
in PF6. 
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plasma loading, Nuclear Materials and Energy (2016), http://dx.doi.org/or the tungsten samples, we observe strong tungsten reﬂections
nd also minor contamination by (Re,W) phase (artefact of PF6).
owever, for the yttria containing sample, W 2 C and monoclinic
 2 O 3 , or the so called B type, were detected as well. Apparently,
s a result of plasma exposure the cubic C type Y 2 O 3 under-
ent phase transformation which is usually described as pressure
nduced. 
The smallest crystallites as characterized by CDD values are in
he W-Y 2 O 3 sample, while the W-4 μm shows the largest. Micros-
rains in the samples’ surfaces are comparable and reach about
 × 10 −3 . Thus, the effect of yttria on reduced tungsten crystallite
rowth is observable even by powder XRD. 
. Discussion 
A major disadvantage of tungsten based materials is their low
racture toughness and relatively high DBTT. This fact results in
tress alleviation by cracking already described in a number of
tudies [1,2,11] . If the melting point is not exceeded, the cracks de-
elop during the cooling phase of heat loading cycle as a result of
ccumulated plastic deformation or are result of lowered strength
ue to the recrystallization [11] . In our case, the melting point was
ocally exceeded and caused melting of a thin surface layer of the
aterials. In such a case, formation of coarser columnar grains in
he molten and resolidiﬁed layer is very likely responsible for the
egradation of mechanical properties and onset of cracking. Net-
ork of large and ﬁne cracks developed in all tested samples ex-
ept W-Y O where ﬁne cracks did not form closed loops. Thus it is2 3 
tural changes in different tungsten-based materials under pulsed 
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Fig. 6. FIB cross-section of a crater-like cavity on tungsten surface [10] . 
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s  possible that despite the signiﬁcant microstructural degradation of
W-Y 2 O 3 , the Y 2 O 3 particles might still play a role of grain growth
hindering. This is also supported by microstructural data reﬁned
from XRD patterns, where the W-Y 2 O 3 shows the smallest crys-
tallite sizes. Nevertheless, Y 2 O 3 ﬁlm found on the material surface
proves that depletion of Y 2 O 3 from the near surface microstructure
is taking place. Thus, it is possible that after prolonged or repeatedFig. 7. Surface morphology (a, b) of the exposed W-Y 2 O 3 sample
Please cite this article as: M. Vilémová et al., Behavior and microstruc
plasma loading, Nuclear Materials and Energy (2016), http://dx.doi.org/lasma action, the material would fully loose the particle disper-
ion in the near surface layer. 
Besides well-known cracking, speciﬁc degradation mechanism
elated to the inherent porosity of sintered materials was described
s well. The mechanism of the bubble bursting related to the in-
erent materials porosity and resulting in formation of a crater like
eatures ( Fig. 5 ) was suggested in the author’s previous study [10] .
his study is in agreement with the suggested crater formation, as
his type of erosion mechanism was pronounced for the material
ith higher porosity, i.e. W-4 μm. Nevertheless, certain amount
f inherent porosity is always present in sintered materials, and
hus should be accounted for as an additional source of dust
ormation in a fusion reactor. The cavities developed on the sur-
ace of W-Y 2 O 3 (see Fig. 4 ) are, however, results of different degra-
ation mechanism. Most likely they are related to the signiﬁcantly
ower melting point of the Y 2 O 3 leading to melting and evapora-
ion of the Y 2 O 3 particles. This is supported by the Y 2 O 3 ﬁlm found
n the surface of the sample. 
The XRD analysis cast doubt on phase stability of W-Y 2 O 3 dur-
ng plasma irradiation. The formation of W 2 C phase can be ex-
lained either by carbon contamination during irradiation in PF6
evice or contamination during the material fabrication, i.e. milling
n WC vials or sintering in graphite. XRD on the unexposed sur-
ace did not reveal presence of any tungsten carbide phase; how-
ver, local presence of carbides or carbon cannot be fully excluded.
urther, the cubic C type Y 2 O 3 underwent phase transformation
o monoclinic B type referred as high pressure phase. The pres-
ure could be induced in the material either by the shock wave; surface distribution of Y and O determined by EDS (c, d). 
tural changes in different tungsten-based materials under pulsed 
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Fig. 8. Comparison of powder XRD patterns from the exposed samples’ surfaces. Due to the high intensities, reﬂections of CuK β radiation and effect of Ni β ﬁlter are visible 
in this logarithmic scale plot. 
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 ravelling in front of the plasma stream generated in PF6 or by the
ombined or individual effect of thermal stresses in solid tungsten
nd tension of liquid Y 2 O 3 particles/tungsten matrix interface en-
anced by the small particle volume. To resolve the questions a
etailed study needs to be performed with challenging demands
n XRD analysis. 
. Conclusion and summary 
Four types of tungsten materials differing in grain size, porosity
nd phase content were examined. Behavior of the materials un-
er condition of extreme heat loading and plasma irradiation was
valuated: 
All materials developed commonly described cracking and
oughening. A minor erosion mechanism related to inherent poros-
ty of sintered materials was described. However, the mechanism
ecomes more signiﬁcant for samples with higher porosity. The
eat loading of W-Y 2 O 3 had caused melting and evaporation of
 2 O 3 that was subsequently spread and redeposited on the surface
n the form of a non -uniform thin ﬁlm. Thus, it can be expected
hat after a number of plasma strikes, the surface layer will be
epleted of Y 2 O 3 . However, it seems until the eventual depletion,
 2 O 3 would suppress the crack network development, as formation
f ﬁne crack loops was not observed for W-Y 2 O 3 . Preliminary re-
ults also indicate possible phase changes that might take place in
-Y 2 O 3 during plasma exposure, i.e. formation of W 2 C and mon-
clinic Y 2 O 3 . However, detailed research to identify the causes for
he phase formation/conversion must be performed. 
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